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WHAT IS LIFE? The answer can be literal, basic, and simple-the name of a breakfast cereal or a book written by Erwin Schrödinger-or more complex and abstract, invoking the philosophical and spiritual. The dictionary (thefreedictionary.com) definition states, "the property or quality that distinguishes living organisms from dead organisms and inanimate matter, manifested in functions such as metabolism, growth, reproduction, and response to stimuli or adaptation to the environment originating from within the organism." In the most simplified and primary sense, life is manifest in a single cell and in a teleological view is something dependent on the plasma membrane. Since its observation in the seventeenth century with microscopy, the plasma membrane has been the focus of numerous investigations, and many advances in our understanding of the plasma membrane have been achieved thus far (24a) . The plasma membrane is known to be a major coordinator between extracellular signals and intracellular responses, and it also plays a crucial role to link intracellular processes to cell-cell interactions and tissue organization (131) . Therefore, the plasma membrane is involved in vast aspects of cellular function: from intracellular endosomes and extracellular vesicles to receptor signaling, presentation of surface proteins, and protein secretion (4) .
The lipid bilayer plays an important role in compartmentalization and organization of the intracellular environment and various organelles necessary for homeostatic and specialized functions. The plasma membrane is a semipermeable barrier that provides protection from the extracellular environment and localizes membrane receptors and ion channels involved in signal transduction.
Particular examples of membrane microdomains such as lipid rafts and caveolae have been studied in the context of localization of these signaling receptors and ion channels. However, very few researchers associate the plasma membrane, and its varied lipidordered domains, as a specialized cellular organelle important in regulating cellular metabolism and extracellular environment to cell/organelle communication.
Here we review 1) the evolution of membranes, considering lipid diversity, 2) the implication of membrane mechanics and elasticity for cell function, 3) the implication of cholesterol and other bioactive lipids as facilitators of metabolism by regulation of oxygen or providing direct raw materials to regulate cell function, and 4) the communication of the plasma membrane with intracellular components. Ultimately we link these observations to the role membranes play as capacitors for regulating energy, metabolism, and communication.
Evolution of Membranes
Lipids are amphipathic molecules-they have a hydrophilic head group and a hydrophobic tail group. In an aqueous environment, they spontaneously self-assemble such that the tails are protected from water. Lipids reorder the hydrogen bonds of water molecules forming a cagelike structure around the lipid, decreasing the entropy of water (22) . This decrease in entropy is directly proportional to the surface area of the nonpolar regions of the lipids. The nonpolar regions of lipids in turn come together through hydrophobic interactions (22) . These interactions become stronger while reaching thermodynamic stability by reducing the number of water molecules surrounding the hydrophobic tail region of the lipids (Fig. 1) .
Modern cell membranes are made of glycerol phospholipids, although it is believed that early membranes self-assembled from monocarboxylate-and alcohol-derived one-chained amphiphilic molecules (79, 85, 161) . Bacteria and eukaryotes have similar biochemistry and have ester-linked fatty acid phospholipids based on glycerol-3-phosphate (G3P) (49, 73, 79, 85) . The discovery of glycerol-1-phosphate (G1P) ether linked to isoprenoid chains in Archaea and bacteria represents a major breakthrough in membrane evolution (49, 81, 117) . The glycerol moieties for all the phospholipids in Archaea and bacteria are of opposite chiralities (80) . The hydrophobic tail is fatty acid based in bacteria, while in archae it is isoprenoid based (49, 61, 85) . This highlights the difference in chemical composition and biogenesis pathways (i.e., unique enzymes for lipid synthesis) in the archaeal and bacterial/eukaryotic membranes. This variation in lipids and their formation has given rise to the concept of the existence of a "last universal common ancestor" (LUCA), which was likely self-replicating genetic elements in hydrothermal vents living in bubbles made up of inorganic components and not bound by typical lipid membranes (61, 85, 161) . The idea that early life did not have membrane structures was supported by studies suggesting that phospholipid biosynthesis appeared much later in evolution, independent of the lineage that gave rise to archae and bacteria (78, 80) . The conundrum with this theory was evidence that the LUCA contained at least 100 genes (81). To provide for this level of complexity, compartmentalization likely had to exist early on to facilitate concentration rather than diffusion of components to allow for a critical mass to be achieved, initiating biochemical processes. This paradox was resolved by Martin and Russell, who suggested that the LUCA had minerals instead of phospholipids that served the role of providing a defined barrier to concentrate cell components in order for life to initiate and evolve (95) .
The transition from inorganic to organic components defining the plasma membrane has also been controversial. At the heart of this controversy is the origin of life-a topic no less controversial or resolved. The "first life form" needed to balance existence, stability, growth, replication, and adaptation, and central to these pressures was a functional membrane. According to the early membrane hypothesis, cellularization occurred with simple lipids that were synthesized by inorganic transition metals or with enzymes that were nonstereospecific, eventually giving rise to precells (18, 71, 145) , whereas some suggest that precells had ancient enzymes able to synthesize both G1P and G3P (155) . The exchange of electrically charged compounds is shrouded in mystery, as ions penetrate hydrophobic membrane lipid through membrane proteins in the form of ion channels and translocases (Fig. 2) . The chicken-and-egg question to resolve this problem is, "What came first, membranes or membrane proteins?" Two solutions emerged. One suggests that early cells likely had less restricted transport of materials, as resources for growth and adaptation were externally derived, suggesting that cells were heterotrophic. Support for such a concept was provided by studies showing that using simple fatty acids and their derivatives to model early protocells resulted in the generation of bilayer vesicles capable of internalizing nucleotides that could be used for replication reactions, suggesting that early, simple cells could possibly have acquired components for growth and replication from the external environment independent of specific transport machinery (31, 92) . Such a model would allow cells and membranes to evolve and adapt as external pressures amassed components over a significant period of time to derive specific biochemical reactions, leading to the complexity we observe in modern cells to allow for specialization of function. The second solution suggested that the lipid bilayer evolved at the same time as membrane proteins along with the membrane bioenergetics (16, 59, 98) . Given either of these paths, it is clear that the modern cell has evolved a highly functional lipid bilayer that contains a variety of components capable of facilitating growth and adaptation.
Lipid Diversity, Lipid-Sterol Asymmetry, and Lipochaperone Function
As the cell membrane evolved, there was a concerted refinement of the lipid composition but also an increase in complexity driven by not only the asymmetric distribution of these lipids but also the incorporation of membrane- Fig. 1 . Self-assembly of biological membranes. Lipids are amphiphilic molecules. In aqueous environments, they self-assemble to form micelles or bilayers such that the hydrophilic head groups interface with water while the hydrophobic tails are protected. Left: free lipids in water have their hydrophobic tails exposed. The hydrogen bonds within water are broken or rearranged to account for the new hydrophobic entities. Center: the lipids can arrange themselves into a micelle, so that all the hydrophobic groups are protected from exposure to water. Right: the fatty acid chains in 2-tailed lipids are often too long to fit in micelles without exposure of the hydrophobic groups to water. Therefore, lipids often form bilayers and water forms a hydrogen bond cage along the surface of the head groups.
localized proteins that allowed for more complex cellular functions. The plasma membranes of modern animal cells contain four major phospholipids [i.e., phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), and sphingomyelin (SM)] (24a) (Fig. 3) . The outer leaflet of the plasma membrane consists mainly of PC and SM, whereas PE and PS are the predominant phospholipids of the inner leaflet (24a). A fifth phospholipid, phosphatidylinositol, is also localized to the inner leaflet (24a). In addition to the phospholipids, the plasma membranes contain glycolipids and cholesterol (24a). How plasma membranes are compartmentalized and organized and how lipids and proteins contribute to this is currently being intensively investigated. There is overwhelming evidence that the plasma membrane is not a homogeneous or random structure (88) but rather highly asymmetric, with different proteins and lipid compositions in the two leaflets organized to facilitate specific cellular functions (28, 133) .
Lipid rafts are specific domains of the plasma membrane rich in cholesterol and sphingolipids (140, 152) . Lipid rafts are Changes in local concentration of these lipids can lead to microdomains in the membrane and potentially lipid rafts. This complexity and diversity is a large evolutionary advance over early membranes that were thought to self-assemble from monocarboxylate-and alcohol-derived 1-chained amphiphilic molecules.
Cl
liquid ordered as they are enriched in cholesterol, whereas the remainder of the bilayer is in a liquid-disordered phase (14) . Furthermore, these cholesterol-enriched domains are more rigid than the surrounding membrane and are detergent resistant (120), and they form distinct sites in the membrane for organizing signaling proteins that drive cellular processes (111) . Caveolae are a subset of lipid rafts that form distinct flasklike, invaginated subcellular structures on the plasma membrane resistant to detergent solubilization (103, 123, 141) . Caveolae are enriched in cholesterol, glycosphingolipids, SM, and caveolin protein in addition to other signaling proteins (15, 82, 90, 121, 132, 153, 154) . In many cell types, caveolae can be arranged singly or in chains or grapelike clusters (103, 104, 108, 109) . Caveolae may function in protein trafficking, signal transduction, and endocytosis (115, 116) . Although studies have suggested indirect involvement in metabolism through enrichment of signaling molecules that regulate processes such as biochemical and redox signaling (110, 111) , assessment of their lipid and protein compositions suggests a potential for direct contribution to cellular energy and metabolism.
Differences exist in the two leaflets of the plasma membrane, leading to lipid asymmetry. Synaptic plasma membranes (SPMs) have been studied in much detail to shed light on this aspect. Like most plasma membranes, the inner leaflet (i.e., cytofacial leaflet) is rich in PE and PS; however, the outer leaflet (i.e., exofacial leaflet) is rich in SM and PC (34, 75) . In mouse SPM, cholesterol asymmetry is observed, with more cholesterol on the inner leaflet than on the outer leaflet (63) (64) (65) (66) . This distribution can change with stress. Mice fed ethanol have a twofold increase in outer leaflet cholesterol (although the total cholesterol from the both leaflets remains the same) (1, 138, 162) , and aging also leads to increased outer leaflet cholesterol compared with young mice (64) . Previous evidence suggests that depletion of SM by sphingomyelinase altered the distribution of cholesterol and increased the pool of intracellular cholesterol (125) and also made the cholesterol more susceptible to oxidation (142) . Cholesterol has highest affinity for SM and less for phospholipids such as PC and PS. It has been shown that affinity for phospholipids such as PC and PS is curvature dependent (163) . P-glycoprotein (P-gp), which belongs to the family of multiple drug resistance ABC transporters, has been shown to stimulate cholesterol distribution from the inner to the outer leaflet of the plasma membrane (48, 67) . Whether such asymmetry in cholesterol affects lipid raft formation is unclear, but studies suggest alteration in membrane lipid rafts and caveolae with age leading to neurological and cardiac dysfunction (45, 55, 114) . Recent evidence has indicated the ability of caveolin expression to rescue neurocognitive decline with age (91) . Such findings suggest the critical role of ordered membrane domains in regulating cell physiology.
Although folding of proteins is largely directed by their amino acid sequence, the surrounding environment, especially lipids, is important in protein folding, misfolding, and unfolding (6, 137) . This is true for soluble, peripheral, and integral membrane proteins. Studies in mutant Escherichia coli have shown that absence of PE caused misfolding of the membrane protein lactose permease although insertion into the membrane was unaffected (7, 8) . For heme, even substituting PE with PS, phosphatidylglycerol, or cardiolipin did not lead to refolding into the correct conformation (32), suggesting a highly ordered and specific role for lipids in protein folding. In recent experiments, it was shown that plant-derived ricin toxin A subunit, which belongs to the A-B family of toxins, unfolded in the presence of anionic lipids (128) . Ricin A chain has a very stable secondary structure even after detaching from its B subunit. In the presence of anionic lipids present in specialized cellular membrane such as the endoplasmic reticulum (ER), an unfolding of the toxin was induced, resulting in ER exit to the cytosol where the toxin can refold to induce toxicity. In contrast to ricin toxin, cholera toxin, which belongs to the A-B 5 family of toxins derived from bacteria Vibrio cholerae, spontaneously unfolds after dissociating from B subunit and is extruded out of the ER for degradation. Because of lysine over arginine bias, it escapes ubiquitination and proteasomal degradation. In the cytosol, the A subunit refolds and interacts with ADP ribosylation factor-6 and ADP ribosylates GTP-bound G s ␣, locking it in the active state (3, 69, 147) . Recently, it has been shown that the inner leaflet of plasma membrane may facilitate refolding of the unfolded cholera toxin A subunit, likely in a lipid raft-specific mechanism (127) .
Mechanics of Biological Membranes and How Their Elasticity Affects Function and Interaction with Proteins
Unique lipids within membranes create diversity at multiple levels, one such being unique mechanical properties that have important implications for function. In an aqueous medium, lipids aggregate into quasi-two-dimensional bilayer sheets and adopt a configuration that minimizes the exposure of their hydrophobic parts. In the plane of the membrane the membrane resembles a nearly incompressible viscous fluid, while in bending it behaves somewhat like an elastic solid. In-plane lipid flow has been observed in experimental systems such as tether formation and micropipette aspiration of membranes (40) . In cellular processes, the plasma membrane is thought to have a membrane "reservoir" that can act as a source of lipids (126) . This reservoir allows for lipid flow during dynamic events such as spreading, motility, and endocytosis (126) and may be critical to stress adaptation and metabolism.
Continuum models of bilayer membranes have been used to study the deformation of membranes and to explain many biological phenomena. The most popular model of lipid bilayers is the Helfrich model (56), in which the energy per unit area of the membrane depends only on the mean and Gaussian curvatures of the membrane. This model has been widely used to study the shape of red blood cells (37, 68) and to explain biological phenomena such as the formation of membrane tubes (35) and the shapes of lipid vesicles (70, 101, 139) .
The basis for this modeling effort is the same principle that is the basis for the definition of equilibrium: equilibrium is attained when the free energy of the system is minimum. In this case, the membrane is assumed to be at mechanical equilibrium and the modeling effort is based on the principle of virtual work. This principle states that when the system energy is minimized, the resulting state is the same as one of mechanical equilibrium. By using the principle of virtual work, we are assuming that mechanical equilibrium occurs more rapidly than the other biochemical processes (this is a reasonable assumption in the cellular environment). It is important to recognize here that mechanical equilibrium does not mean thermodynamic or chemical equilibrium.
One of the fascinating observations about lipid membranes is that they can be described with a Hamiltonian function, which corresponds to the total energy of the system, using just the geometry of the membrane through curvatures. Ignoring fluctuations of the membrane, the elastic energy per unit area, W, is given by the Helfrich Hamiltonian (56),
Here, H is the mean curvature, given by ( 1 ϩ 2 )/2 (see Fig.  4 for how the curvatures 1 and 2 are defined), and K is the Gaussian curvature, given by 1 2 . C is the spontaneous curvature of the membrane-it results from a break in symmetry in individual monolayers ("up-down")-such as due to differential partitioning of membrane molecules with noncylindrical shapes. k B is the bending modulus, and k is the Gaussian modulus. The first term in the above equation explicitly accounts for the local elastic energy penalty due to any deviation of the local mean curvature of the membrane, H, from the preferred, so-called spontaneous curvature, C. The second term penalizes the existence of a Gaussian curvature. Thus the elastic energy of the membrane can be written solely in terms of its geometric properties. This is a remarkable aspect of lipid membranes because it indicates that for length scales only a few times bigger than the thickness of the membrane (the membrane is roughly 5 nm thick, and this theory applies above the thermal wavelength of the membranes, which is roughly 20 nm), the behavior of the membrane can be described solely in terms of its geometric properties. This feature has been proven experimentally and theoretically many times but was first recognized in independent works by Helfrich (56), Canham (17) , and Evans (39) .
Then, the total energy of the membrane is just the integral of W over the membrane area, A. Since the membrane has a high stretch modulus (it is easier to bend the membrane than to stretch it), it is often treated as incompressible. To represent this incompressibility, a Lagrange multiplier, , often interpreted as membrane tension, is added to augment the Hamiltonian. The total energy is written as
The minimum energy state associated with mechanical equilibrium of the membrane results from minimizing the total membrane energy E. The mathematics behind this operation is quite complex; the interested reader is referred to References 36 and 118. However, the result is a partial differential equation, called the "shape equation," that gives the relationship between membrane shape through H and K and externally applied forces and/or protein-induced spontaneous curvature (35, 89) .
The elegance of this approach lies in the ability to predict the shape of the membrane (cellular and vesicular) under different conditions. Perhaps the most famous example of the use of the Helfrich Hamiltonian was to describe how the biconcave shape of the red blood cell could be interpreted as one of the solutions to the shape equation (17, 56, 139) . While many cellular features such as the cytoskeleton and membrane protein composition were ignored in this model, it is nonetheless fascinating that the shape of a red blood cell could be described with an equation for mechanical equilibrium by minimizing the associated elastic energy. This was the advent of mechanobiology at the cellular level and ushered in the use of energy to describe not just metabolism but also mechanical forces and membrane shapes (further discussed below).
Another seminal work that highlights the application of this model is the formation of membrane tubes (35) . Tubes and membrane tethers are oft-observed features in cells. By modeling the force acting on the membrane as a point load (an idealization) and the resulting tether as a cylinder, Derenyi and coworkers were able to describe the relationship between the radius of the tube, membrane tension, and the bending modulus. Furthermore, they were able to predict the force-length relationship for membrane tethers and the force required to form the cylindrical tube. These examples highlight how energy considerations can give insight into the response of lipid membranes from a mechanical standpoint.
Recently, there have been further developments in the field of membrane mechanics. The elastic models used thus far to study lipid membranes focus mainly on length scales that are much larger than the thickness of the bilayer. The Helfrich model assumes that the lipids are aligned normal to the membrane surface at all times and that curvatures are of the order of the bilayer thermal wavelength (ϳ20 nm). This approach captures the changes in membrane shape that occur at large length scales larger than the thickness of the bilayer (ϳ5 nm). There are, however, circumstances under which lipids are not aligned normal with the surface. The lipids are then said to tilt relative to the membrane surface; this in turn induces a change in membrane thickness, which is simply the projection of the lipid length onto the surface normal. Lipid molecules are chiral: they possess a directionality and generally need not be aligned normal to the membrane surface. For example, the tilt Fig. 4 . Continuum modeling of the membrane. Theory can help us understand how membranes behave at the continuum level. The membrane can be represented as a 2-dimensional surface; this representation allows us to think about the mechanical properties of the membrane. The 2 principal curvatures 1 and 2 are calculated with methods of differential geometry, and represent the local change in the shape of the surface. The 2 principal curvatures of the membrane have been used to describe the curvature-dependent elastic energy of the membrane. In mechanical equilibrium, all forces acting on the membrane must be balanced, and therefore the energy of the membrane must be minimized. This approach relates the energetics of the membrane to the shape of the membrane at mechanical equilibrium.
angle of gel-phase dipalmitoylphosphatidylcholine (DPPC) was found to be ϳ32° (150) . Even in the liquid phase, lipids can tilt in regions adjacent to protein inclusions (158) . Membrane fission and fusion are critical cellular processes that take place at lengths comparable to the membrane thickness (ϳ5 nm). Lipids may also exhibit tilt in the neighborhood of an inserted protein and manifest associated defect structures. We have recently developed a continuum framework to study this process (124) . Experimentally observed ripple phases are characterized by oscillatory thickness variations induced by spatially nonuniform tilt (86) . Membrane fusion has been studied with dissipative particle dynamics (DPD) approaches (51, 52) . These studies have shown that when two fusing membranes are in close proximity the lipids tilt, splay, and flip from one monolayer to another (51, 52, 93) . These models are beginning to shed light on how the energetics of the membrane at different levels can be harnessed into mechanical forces and the role they play in governing membrane morphology and topology.
The evolutionary diversity that has emerged in the plasma membrane is quite astounding. The early role of the membrane was to serve as a passive barrier to concentrate chemical components in a cell to provide for a critical mass to initiate life. Modern membranes have evolved to the point of highly organized shape and structure facilitated by ordered and disordered lipids, encrusted with a complement of proteins that allow for further complexity of function. What is curious is how the pressure to evolve emerged.
Cholesterol and Oxygen: Coevolution of Membranes and Metabolism
Once the existence and replication of unicellular organisms was established, the evolutionary pressure was to build organisms of increasing complexity that ultimately led to the generation of eukaryotic cells capable of multicellular organization, function, and growth and enhanced survival while facing mounting environmental stressors. Biochemical processes that utilize biological fuel to synthesize energy were necessary to facilitate organization, function, growth, and survival. The first of many natural resources that cells needed to adapt for use was oxygen. The early atmosphere lacked oxygen, but a sharp rise was seen around 3 billion years ago with cyanobacteria generating oxygen via photosynthesis (113) . It is curious that major events in maximum organismal size and "growth spurts" in evolution are marked by spikes in atmospheric oxygen (112, 113) . Interestingly, atmospheric oxygen levels were the highest (somewhere near 30%) when dinosaurs roamed the Earth, with a sharp decline around the same time as mass extinction events, and then stabilized to modern-day levels over the past 100 -200 million years (113) .
The oxygen paradox highlights the mystery that oxygen is so critical a fuel for the metabolic machinery of life yet so toxic to all forms of life inhabiting this planet (130) . The key to this paradox are the two simple, yet biologically fundamental, redox reactions: the first reaction, which is essentially the reverse of photosynthesis in which mitochondria utilize oxygen to enzymatically generate a proton gradient fueling oxidative phosphorylation, and the second reaction, where oxygen in excess is consumed to generate reactive species that induce cellular damage (84, 160) . To maximize the first reaction and minimize the second, oxygen levels needed to remain under tight control (105) . It has been suggested that the evolutionary response to this paradox was the creation of cholesterol within membranes to tame oxygen for biological use, a primary feature that linked membranes and metabolism (13, 74, 97) .
Cholesterol is a critical component of the plasma membrane. It is necessary for the generation of lipid rafts, which provide a liquid-ordered domain in membranes that create platforms for signaling (120) . There is debate regarding the coevolution of cholesterol with oxygen, where some suggest that cholesterol came first and others suggest that oxygen had to be present initially (13) . The latter theory is more largely accepted, as numerous steps in the synthesis of cholesterol require molecular oxygen (97) , suggesting that it may have served as an adaptation in membranes to accommodate for rising levels of atmospheric oxygen to allow organisms to survive on land. The link between oxygen, cholesterol, and the drive to eukaryotic evolution is further supported by the fact that cholesterol is abundant in eukaryotic membranes but almost completely absent in prokaryotes and in intracellular organelles thought to have derived from symbiotic relationships (i.e., mitochondria) (97, 135) . In addition, plants that generate oxygen through photosynthesis have membrane compositions in which sterols represent a third to half of total lipids (47) . As a component of the membrane that allowed for adaptation, cholesterol serves a number of functions for eukaryotes. Given the oxygen paradox described above, the initial function of cholesterol was likely to act as a barrier to limit the exposure of the intracellular environment to oxygen and its radicals that could contribute to injury of cellular components, and such a concept is supported by studies in CHO cells showing variances in membrane oxygen gradients relative to cholesterol content (74) . Other examples include the mammalian lens of the eye, which is a highly structured compartment made up of fiber cells that have significantly enriched levels of cholesterol. In oxygen permeability studies, it has been shown that at near-physiological temperatures lipid extracts from calf lenses with high cholesterol content had the most limited oxygen diffusion relative to other artificial mixtures with lower cholesterol content (159) . In such scenarios, the barrier function, to bind up and limit oxygen exposure of the internal cellular environment, is an important feature of cholesterol. The effect was to limit cellular oxygen concentration to curb the toxic generation of free radicals to protect from injury.
An intriguing alternative thesis our group and others have proposed advances the concept of the membrane and cholesterol within it acting as a capacitor for energy and metabolism by acting as a storage molecule for cellular substrates that can be utilized under stress conditions. One of the richest sources of organ-level caveolae and cholesterol is the lung, an organ primarily involved in oxygen uptake and exchange, where in response to hypoxia there is an upregulation of membrane cholesterol (10) . At the cellular level, the highest density of membrane caveolae is in endothelial cells, cells that line luminal surfaces of vessels (96) that are critical for delivering oxygen. Early evidence in myocardial ischemia-reperfusion injury showed that rampant ultrastructural injury to the plasma membrane (100) was a likely trigger and interventions such as preconditioning in which sublethal stresses protect from subsequent lethal injury resulted from preservation of the membrane ultrastructure (99, 100). Our group has shown that preconditioning results in increased membrane order, cholesterol content, and formation of caveolar microdomains (151) . In fact, mice genetically engineered to overexpress caveolin in the cardiac myocyte show increased adaptation to stress including ischemia-reperfusion injury and pressure overload, two processes that have clearly been linked to a mismatch in oxygen availability and proper utilization (60, 151) . Studies also show that mice lacking caveolin are more sensitive to cardiovascular stress and disease (110, 111) . Recent evidence from our group suggests that caveolae, which are heavily enriched in cholesterol, may form nanocontacts with mitochondria (discussed below) close to the plasma membrane to more efficiently manage metabolism and energy especially in stress adaptation, and this general principle may be conserved evolutionarily and broadly applicable to cancer, neurodegeneration, and many other diseases that are metabolically dependent (44) . Studies have shown that in response to stress cholesterol content of the mitochondrion (a compartment that typically has no cholesterol) rises, leading to mitochondrial dysfunction (2, 107, 134) , and this is further confirmed in caveolin-knockout animals (9) . Therefore, it appears that if injury damages membrane structures or membranes have limited caveolin content leading to an inability to concentrate cholesterol to temper and regulate metabolism, the end result is uncontrolled delivery and accumulation of cholesterol and presumably oxygen to mitochondria, leading to cellular injury. Hughes et al. have shown in yeast that sterols can act as oxygen sensors, an observation also confirmed in mammalian cells (33, 62) , suggesting that membrane cholesterol content may be critical not only to limiting the amount of oxygen delivered to the cell but, more importantly, to how a cell physiologically responds and adapts to perturbations in oxygen availability for metabolic processes.
With regard to the earlier discussion of membrane mechanics and elasticity, how does energy minimization relate to oxygen transport and cholesterol in red blood cells? First, the membrane bending modulus is a function of membrane composition, and an increase in membrane cholesterol is known to increase the membrane bending modulus (25) . This means that it is going to cost more energy to deform a membrane with higher cholesterol content. An effective readout of the membrane properties is that the shape of the red blood cell and different values of bending modulus (depending on the membrane composition and cholesterol content) are indicative of different shapes. A mathematical modeling study related the shape of red blood cells to oxygen transport and showed that shape changes can explain the loss in oxygen flux across the membrane (156) . Thus relatively simple mechanical models can provide insight into the relationship between cell shape and transport properties.
Bioactive Lipids
In applying the idea of a capacitor to membrane lipids themselves, a more recent concept has emerged where lipids have been shown to be biologically active. That is, they can be stored in the membrane as dormant, inert structural components that have the potential to be released and activated upon a specific cellular cue. We will not discuss in detail the emerging field of bioactive lipids; however, the reader is encouraged to refer to excellent topical reviews in this area (see Refs. 11, 29, 53, 54, 106 , although many more examples exist in the literature). We will highlight some background in this area and point to selected examples that link to energy and metabolism.
The first description of "bioactive lipids" can be drawn from the classic description of the cleavage of phosphatidylinositol 4,5-bisphosphate (PIP 2 ), a phospholipid localized to the plasma membrane, by phospholipase A to form diacylglycerol and inositol 1,4,5-trisphosphate, which act as second messengers to activate protein kinase C (102). Many more lipid-derived signaling molecules including arachidonic acid (which can give rise to a multitude of additional lipid mediators through specific processing by enzymes such as cyclooxygenase, lipoxygenase, and cytochrome P-450), ceramide, sphingosine-1-phosphate, and other lysophospholipids have been identified (11, 53, 54) . There is some evidence suggesting that lipid rafts may contain and enrich biologically active lipids and precursors such as arachidonic acid (120, 122) providing a conduit to modulate cell metabolism. These activated metabolites then regulate cellular function under various physiological and pathophysiological settings. It is important to note that oxygen is a key cofactor in many enzymes used to further functionalize arachidonic acid and lipid peroxidation has also been shown to activate many lipids including cholesterol (29) .
Membrane Communication with Intracellular Components
There is direct correlation between membrane complexity and variety of lipids as is evident by comparison of the prokaryotic and eukaryotic membranes. The diversity and complexity of eukaryotes are such that, whereas hundreds of lipid species can be attributed to prokaryotes, thousands are associated with the eukaryotes. This enhanced diversity of lipids entails higher membrane complexity and function in the eukaryotes. The rise of double membrane-bound intracellular organelles is one such example. Each organelle such as the ER, endosomes, the Golgi, etc., is rich in one or more types of unique lipids. The lipid variety dictates association of particular types of proteins and compartmentalizing enzymes and metabolism. This also provides a unique identity to each of the organelles and prevents them from coalescing into one another. The lipid diversity guarantees a much more stable, robust membrane that can withstand changes in the surrounding pH, temperature, and osmolarity (148) . The remainder of this review focuses on the role of membrane lipid domain communication of plasma membrane with intracellular components; many of these features are critical for energy and metabolism.
Evolution of endomembranes and membrane-endoplasmic and membrane-mitochondrial interactions. It has been widely believed that the endomembrane originated from de novo vesicle formation. The biggest proponents of this theory, Matin and Muller, proposed that eukaryotes evolved because of the symbiosis of archaebacterium and ␣-proteobacterium that are considered ancestors of mitochondria (94) . This symbiosis was largely driven by hydrogen exchange. According to this hypothesis, it was assumed that the evolution of endomembranes took place inside the cytoplasm of archaebacteria after symbiosis with ␣-proteobacterium that had the genes for fatty acid ester lipid biosynthesis after assimilation into the archae genome. Since ␣-proteobacterium is a eubacterium, it slowly replaced the archae ether-linked lipids with ester-linked lipids.
Alternative theories suggest that the endomembranes evolved from the plasma membrane by folding inward, which could have been in the form of invagination, tabulation, or vesiculation (5, 20, 21, 30, 38, 72) . In either condition, the plasma membrane subsequently had to be involved in regulating the intracellular environment. Independent of signaling cascades utilizing second messengers and regulator proteins, this was achieved by physical association and communication between the plasma membrane and intracellular compartments.
Plasma membrane and endoplasmic reticulum connection. Plasma membranes have been identified to interact at ubiquitous sites with ER in almost all eukaryotes (19) . These contact sites are believed to have multiple functions (87, 143, 149) , including an evolutionarily conserved role in the regulation of lipid composition and metabolism at the plasma membrane (143, 149) . This connection involves mainly calcium signaling processes (57) regulating fundamental biological processes such as memory, vision, fertilization, muscle contraction, proliferation, cell migration, immune response, and transcription. A classical well-known contact site is the spatial arrangement between the ER and the plasma membrane known as transverse tubules (136) . To trigger muscle contraction, the massive influx of Ca 2ϩ into the cytosol activates myosin movement along actin filaments in the sarcomeres. This Ca 2ϩ influx is achieved by the opening of voltage-gated plasma membrane Ca 2ϩ channels, such as the dihydropyridine receptor, and the synchronized opening of the main sarcoplasmic reticulum Ca 2ϩ channel, the ryanodine receptor (12, 57) . A physical coupling at the contact sites between the plasma membrane and the sarcoplasmic reticulum ensures this synchronized coordination. ER has one of the most elaborate network of membranes inside the cells. This network is important for regulating cross talk between the ER and other organelles and the plasma membrane. The ER-plasma membrane junction, apart from undergoing mutual exchange of lipids and ions, can also regulate signaling, cellular architecture, plasma membrane domain organization, and ER shape. This is predominantly found in yeast but has also been described in immune cells, insect photoreceptors, plant cells, and neurons (58) . At the contact site, ER adjacent to the plasma membrane has been shown to be devoid of ribosomes (41, 43) . The distance between ER and plasma membrane has been measured as ϳ30 nm in yeast, but in mammalian cells it has been shown to be as close as 10 nm (119) . This denotes that the spacing between the two organelles is regulated.
Plasma membrane and mitochondrial connection. The plasma membrane has been reported to be in close contact with mitochondria in several mammalian cell types. For instance, in HeLa cells, ϳ10% of the plasma membrane is covered with mitochondria (46). It is not clear whether plasma membrane directly comes in contact with mitochondria, and this area is still under intensive investigation. Mitochondria appear to be connected indirectly to the plasma membrane in rat leukemia cells and cardiomyocytes through an ER stack, a connection important for calcium signaling (26) . A recent proteomic study suggests that the plasma membrane connexin Cx32, a structural subunit of gap junctions, interacts with mitochondrial proteins in murine hepatocytes (42) . However, in an interesting recent finding, the first molecular and functional characterization of a mitochondrion-plasma membrane contact site was reported in yeast (77, 83) . Electron tomography revealed direct contacts of mitochondria and invaginations of the plasma membrane without participation of the ER (77) . Stomatin-like protein 2 (SLP-2), which is expressed predominantly in mitochondria, belongs to the stomatin-prohibitin-flotillin-HflC/K superfamily (23, 27, 76, 146) . These proteins are involved in organizing the cardiolipin-rich microdomains and regulate mitochondrial function as well as biogenesis. Studies show that there are two populations of SLP-2, one over the mitochondria and the other on the plasma membrane. During T-cell activation, both populations coalesce together at the immunological synapse. SLP-2 was shown to compartmentalize mitochondria as well as plasma membrane into functional domains. Furthermore, it has also been shown that there is an exchange of membrane between plasma membrane and mitochondria in T cells (24, 129) . Our group and others have recently shown in heart and cardiac myocytes that caveolae and mitochondria are in close proximity and upon stress these microdomains form a physical interaction that may be dependent on G protein activation (44, 157) and may specifically target such mitochondria for posttranslational modification and regulation (144) . Such data suggest that membrane associations with intracellular compartments may involve both physical and signal-regulated processes.
Conclusion
Was life spontaneous or predesigned? This is a debate that has burned for eons and is likely never to be fully extinguished. A key aspect of the cell that propelled life to evolve and grow into more complex cells and ultimately multicellular organisms was the plasma membrane. It evolved from serving a basic function as a barrier to a cellular component critical to maintaining and regulating cellular physiology and metabolism. A unique feature of the eukaryotic membrane, which includes lipids such as cholesterol, allowed for this unique transition. Thus, the plasma membrane becomes a critical feature of this most basic definition of what it means to be alive. Given the diversity of membrane lipids, their protein composition, and their primacy in exposure and response to the external environment and stressors, it is likely that modulators of membrane biology may be a key and largely overlooked target in developing novel therapeutics for a variety of diseases. 
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